Introduction {#s1}
============

Tuberculosis (TB) remains one of the top causes of death with an estimated 1.4 million deaths and 10.4 million new cases worldwide ([@B1]). The global TB burden has increased due to emergence of drug-resistant *Mycobacterium tuberculosis* (*M.tb*) strains and the limited protection conferred by *M. bovis* BCG against pulmonary TB ([@B2]). Targeting the host effectors, involved in TB immune response, has been proposed as a viable adjunct therapy for elimination of both drug-sensitive and drug-resistant TB ([@B3]) or to enhance the BCG protective efficacy ([@B4]). Therefore, there is a critical need to uncover the TB host responsive clues that might lead to the development of novel host-directed approaches for better treatment or prevention of TB.

Macrophages are major innate immune cells, which play key roles in TB infection as an intracellular niche and serve as a first line defense against *M.tb* infection ([@B5]). Phagocytosis of mycobacteria initiates a series of innate and adaptive immune responses to contain the infection ([@B6]). Importantly, macrophage-derived cytokines, such as TNF-α, IL-12, and IL-1 family members as well as chemokines and antimicrobial peptides (AMPs) are critical for host anti-mycobacterial defense and shaping the disease progression ([@B7]). However, macrophage response is often hampered by the production of IL-10, a potent suppressor of the host immune response, which was reported to be correlated with TB pathogenesis and persistent of infection in humans ([@B8], [@B9]). Several studies have shown that IL-10 plays an important role in shaping the initial immune response and its expression level determines the fate of mycobacterial infections. Indeed, induction of IL-10 by *M.tb*-infected macrophages and dendritic cells (DC) represents a powerful mechanism of immune evasion ([@B10]). It has been reported that *M.tb*-induced IL-10 secretion interferes with the phago-lysosome fusion, macrophage activation, and resulting in persistence of the invading bacteria ([@B11]). It has been shown that IL-10 affects antigen procession and T cells priming by downregulating the expression of the major histocompatibility complex class II, CD80, CD86, and CD11c in BCG-infected macrophages and DC ([@B12], [@B13]). IL-10 also inhibits the production of pro-inflammatory cytokines, and the release of reactive nitrogen and oxygen intermediates by macrophages, thereby leading to a weakened Th1/Th17 and an enhanced Th2 response ([@B7], [@B14], [@B15]). Likewise, *M.tb*-induced IL-10 promotes M2 macrophages polarization, which displays dampened anti-mycobacterial response ([@B16]).

On the other hand, IL-10 suppression promotes mycobacterial clearance by the host during the early stages of *M.tb* infection ([@B15]). IL-10 deficient mice display an enhanced Th1 immune response to aerosol challenge with *M.tb* and lower bacterial burden as compared to the wild type mice ([@B17]). In concordance, the susceptible mice strains such as the CBA/J express higher levels of IL-10 in chronic infection, while blocking of IL-10 signaling resulted in lower bacterial load and increased mice survival ([@B18]). Conversely, the artificial enhancement of IL-10 expression in a resistant mouse strain increased their susceptibility to *M.tb* infection ([@B19]). These studies suggest that IL-10 production is correlated with susceptibility to *M.tb* and suppression of the protective immune response in mice. In concordance, active TB patients present elevated levels of IL-10 in the lungs serum, sputum and bronchoalveolar lavage fluid (BAL) ([@B20]). Moreover, it has been reported that macrophages from TB patients produce higher level of IL-10 than the ones from healthy subjects ([@B8], [@B21], [@B22]). Likewise, patients with MDR-TB have an altered balance between Th1/Th2 response with decreased Th1 associated cytokines and increased IL-10 secretion ([@B22]). High level of IL-10, at the end of treatment in pulmonary TB patients, was also associated with TB recurrence ([@B7]), indicating that IL-10 plays an essential role in TB pathogenesis and disease progression. Inhibition of IL-10 signaling, during BCG vaccination, enhances antigen-specific IFN-γ and IL-17 responses and results in better protection against *M.tb* challenge ([@B23]). These findings demonstrate that modulation of IL-10 at the time of vaccination could be crucial for generating long-term protective efficacy against *M.tb* ([@B24]). Therefore, identifying host effectors that regulate mycobacteria induced IL-10 secretion might be useful for the development of host-directed therapy approaches against *M.tb*.

Previous studies have identified two important signaling cascades that control IL-10 expression in macrophages, the PI3K/Akt/GSK3b and JAK/STAT3 pathways ([@B14]). Pharmaceutical inhibition of PI3K/AKT in macrophages impairs IL-10-induced gene expression and IL-10-mediated suppression of LPS-induced pro-inflammatory gene ([@B25]). Interestingly, It has been demonstrated that BCG induces IL-10 production through PI3K/AKT signaling while prevention of IL-10 secretion and enhancement of IL-12 production is associated with a decreased Akt phosphorylation ([@B26]). In another study, it has been reported that *M.tb* evades macrophage microbicidal activity by activating the Akt/mTOR/p70S6K pathway, while inhibition of Akt phosphorylation results in reduced *M.tb* intracellular survival ([@B27]).

Forkhead box-O3 (FOXO3) protein is a transcription factor that regulates the expression of multiple genes involved in pathways such as cell-death, cell proliferation, oxidative stress resistance, inflammation, and innate immune homeostasis ([@B28]). We have previously reported that BCG-mediated apoptosis of human macrophages relies on FOXO3 activation, which is negatively regulated by the survival pathway PI3K/Akt ([@B29]). We demonstrated that BCG infection of macrophages resulted in Akt dephosphorylation and its target FOXO3. The dephosphorylated FOXO3 is subsequently translocated to the nucleus and induced the expression of the pro-apoptotic effectors NOXA and PUMA ([@B29]). In concordance, in comparison to healthy controls, low expression of FOXO3 in active TB patients is associated with a defect in monocytes apoptosis ([@B30]). The fact that high level of IL-10 expression is also a hallmark of TB pathogenesis ([@B8], [@B9]) suggests FOXO3 as a potential repressor of IL-10 secretion.

Here, we studied whether FOXO3 regulates IL-10 secretion in mycobacteria-infected macrophages and how this regulation would influence the adaptive immune response against mycobacterial infection. We show that FOXO3 inhibits IL-10 secretion in BCG-infected macrophage through the direct binding to and repression of IL-10 promoter, pushing the balance of the immune response toward an M1/Th1 phenotype. These observations suggest FOXO3 as a potential target to develop alternative host-directed approaches for better treatment and prevention of TB.

Materials and Methods {#s2}
=====================

Cell Culture
------------

The THP-1 cell line (American Type Culture Collection, ATCC TIB-202) was maintained and cultured as described previously ([@B29]). Briefly cells were maintained in RPMI 1640 (Thermo Fisher, USA) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher, USA), 12 mM HEPES, 0.1 mM MEM non-essential amino acids, 1 mM Sodium Pyruvate, and 100 nM penicillin/streptomycin (Life Technologies). THP-1 monocytes were differentiated to macrophages (TDMs) with 20 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich, USA) for 48 h. RAW264.7 (ATCC TIB-71) and J774A.1 (ATCC TIB-67) murine macrophage cell lines were also maintained in RPMI medium. Peripheral blood mononuclear cells (PBMCs) were isolated from three healthy volunteers as approved by the institutional ethics committee of Institut Pasteur de Tunis. These donors were negative for any recent infection and had no history of TB. Briefly, cells were differentiated into macrophages derived monocytes (MDMs) and cultured as previously described ([@B29]). Macrophages were infected with a single cells suspension of BCG Pasteur strain, at a multiplicity of infection (MOI) of 1:10 for 3 h. The extracellular bacteria was removed by washing twice with 1× PBS and overlaid with medium containing inhibitors for different time points. The drugs were used at the following concentration: Wortmannin (100 nM) (Sigma-Aldrich, USA) or MK-2206 (5 μM) (Selleckchem, USA). It is worth to note that we avoided adding the inhibitors before BCG infection because PI3K/Akt pathway has been shown to control phagocytosis. Supernatants were collected 24 h post-infection and frozen at −20 until use. The cells were harvested 24 h post-infection for western blot or Real-time quantitative RT-PCR (RT-qPCR) analysis.

Cell Toxicity Assay
-------------------

Cytotoxicity of the inhibitors used in this study was assessed using WST-1 kit (Sigma Aldrich, USA) as per the manufacturer\'s instructions. Briefly, cells (2.10^4^/well in a 96-well plate) were treated with different concentrations of the inhibitors, or with equivalent volume of vehicle control. Twenty-four hours post treatment, media was removed, substrate was added and plate was further incubated at 37°C for 30 min. The optical density values were determined by a microplate reader at 450 nm and the values were normalized with those of untreated cells. All experiments were carried out in triplicates.

RNA Interference Experiments
----------------------------

TDMs or MDMs were transfected, using the HiPerfect Transfection reagent (Qiagen), with either 100 nM control non-silencing siRNA (SiCT), or with 50 nM FOXO3 siRNAs (siGENOME SMARTpool, Thermo Fisher Scientific) according to the manufacturer\'s instructions. After 48 h of transfection, cells were infected with *M. bovis* BCG at an MOI of 1:10. After 24 h of infection, cells were harvested and the knockdown of FOXO3 was verified by both Western blot and RT-qPCR analysis.

Western Blotting
----------------

For immunoblot analysis, macrophages were lysed in 1× laemmli buffer and the protein concentration was determined using Bicinchoninic Acid Protein Assay (BCA, Sigma-Aldrich). Equal amounts of protein was separated by electrophoresis on 10% SDS-PAGE gel, transferred to PVDF membrane and subsequently probed with the respective antibodies as per manufacturer recommendations. In the present study, the following primary antibodies were purchased either from Sigma Aldrich, Merck \[FKHRL1-D12 (p-FOXO3^Thr32^), FKHRL-1 (FOXO3), β-actin\] or from Cell Signaling Technology, USA (Akt and p-Akt^Ser473^). Western blots were quantified by densitometric analysis using Image J software.

Real-Time Quantitative RT-PCR
-----------------------------

Total RNAs from treated cells were isolated using RNeasy Micro kit (Qiagen), and the cDNAs were synthesized by reverse transcriptase (RT) using the high capacity cDNA archive random priming kit (Applied Biosystems) according to the manufacturer\'s recommended protocol. Real-time quantitative PCR was performed using the platinum® Syber Green qPCR Supermix-UDGw/ROX (life technologies). The relative expression of the target genes was calculated using the target threshold cycle value (Ct) and the 2^−ΔΔ*Ct*^ method with β-actin and GAPDH as the internal loading controls. The primer sequences used for real time PCR are listed in [Tables S1, S2](#SM2){ref-type="supplementary-material"}.

ELISA Cytokine Assays
---------------------

For cytokine assays, supernatants were collected at different time points post BCG infection and used to measure IL-10, TNF-α, IFN-γ, and IL-6 concentrations using ELISA assay kits as per manufacturer recommendations (BD Biosciences).

*In silico* Analysis and Gene Reporter Assay
--------------------------------------------

To identify putative FOXO3 binding sites, the human IL-10 promoter region spanning from −560 to +1 was analyzed *in silico* using the MatInspector analysis tool of the Genomatix software (<https://www.genomatix.de/online_help/help_matinspector/matinspector_help.html>). For reporter assays, the construct pGL3-IL-10, containing the −588 IL-10 promoter sequence upstream of the luciferase transcriptional unit of the pGL3 vector was used. This construct was a gift from John W. Steinke, Asthma and Allergic Diseases Center, Charlottesville VA, USA. Transient transfections into RAW 264.7 macrophages were performed using the Amaxa SF Cell Line 4D-nucleofector Kit (Lonza Köln, Germany) as per manufacturer recommendations. Briefly, 1 × 10^6^ macrophages were washed and resuspended in 20 μl of transfection buffer and mixed with 1 μg of pEGFP vector, encoding for GFP or pEGFP-FOXO3TM construct, encoding for GFP-FOXOTM (constitutive active form of FOXO3 where the three Akt binding sites were mutated) along with the reporter pGL3-IL-10 construct or the pGL3 empty vector). Cells were then transfected using program Raw264.7 on Lonza 4D-nucleofector device. Cells were rapidly transferred to 37°C preheated medium and incubated for 24 h at 37°C, 5% CO~2~. Twenty-four hours post-transfection, macrophages were either mock-treated or infected with BCG at an MOI of 1:10. After 6 h, macrophages were assessed for viability using Annexin-V staining and the remaining cells were harvested, lysed and luciferase activity was measured using Thermo Scientific Varioscan Flash Plate reader as per manufacturer\'s recommendations (Promega, Madison, WI, USA). The promoter activities are shown as relative light unit (RLU) and normalized to 100% GFP positive and viable cells ([Figure S2](#SM4){ref-type="supplementary-material"}) using the following equation:
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Site Directed Mutagenesis of the IL-10 Promoter
-----------------------------------------------

The four FOXO3 binding sites in −588 IL-10 promoter construct were mutated using Quick-change XL site directed mutagenesis kit (Agilent technology) as per manufacturer\'s recommendations. The list of primers used to disrupt FOXO3 motifs mutagenesis is shown in [Table S3](#SM2){ref-type="supplementary-material"}. The mutant 1, 2, 3, and 4 were constructed by deleting CAC (position −17), GCT (position −203), AAT (position −303), and TTA (position −526), respectively. The effect of each mutation on transcriptional activity of IL-10 promoter was assessed by gene reporter assay as indicated above.

Chromatin Immunoprecipitation (CHIP)
------------------------------------

Next, we performed CHIP assay in TDMs using the Chromatin Immunoprecipitation (CHIP) Kit (Millipore) according to the manufacturer\'s instructions. Briefly, macrophages were infected with BCG at an MOI of 1:10 for 2 h, washed thrice with 1× PBS and overlaid with medium containing 100 nM wortmannin for 2 h to enhance FOXO3 translocation to the nucleus. TDMs were subsequently crosslinked with 1% formaldehyde at 37°C for 10 min and quenched with 0.2 M glycine for 10 min. The crosslinked cells were washed twice and lysed in cell lysis buffer. Subsequently, chromatin was sheared by sonication at 60% power for 10 cycles, 10 s ON/1 min off, to obtain 100--1,000 bp chromatin fragments. For immunoprecipitation, the sheared chromatin was diluted 10 times, precleared with Protein A/G agarose salmon sperm DNA (Millipore) for 30 min at 4°C, then incubated with rabbit anti-FKHRL1 (FOXO3) sc-11351X, Santa cruz Biotechnology) or an equal amount of rabbit anti-IgG (sc-2027, Santa cruz Biotechnology) at 4°C overnight. The Antibody/DNA complexes were co-immunoprecipitated with protein A/G agarose at 4°C for 1 h. The immunoprecipitated DNA was eluted and crosslinking was reversed by incubation at 65°C for 4 h in 5M NaCl. The mix was later incubated with 10 mg/mL of proteinase K at 45°C for 1 h and the DNA from starting (1% input) and immunoprecipitated samples were purified by phenol-chloroform extraction and ethanol precipitation. The resulting pellets were suspended in H~2~O, quantified and subjected to PCR using primers (F1 5′- CCTCTGCGCACA GAACAGCTG-3′ and R1 5′- CTAACCTCTCTAATAAACTTAG-3′) flanking the FOXO3 binding motif at −203 position.

Effect of FOXO3 on Macrophage Polarization and Adaptive Immune Response
-----------------------------------------------------------------------

In order to evaluate the effect of FOXO3 on macrophage polarization and adaptive immune response, human monocytes were transfected either with control or with FOXO3 specific siRNA for 48 h before the addition of autologous lymphocytes (purified after depletion of the monocytes from total PBMC) along with the mycobacterial purified protein derivative (PPD). After 96 h, secreted cytokines were quantified in supernatants by ELISA. Further, total RNA was extracted from whole cells and the gene expression profiles of M1/M2/Th1/Th2/Th17 markers were measured by qPCR. In addition, the effect of FOXO3 activation (through Akt inhibition) on macrophage polarization was also assessed in BMDMs. BMDM\'s were isolated from 6 to 8 weeks old female BALB/c mice as per standard protocols and resuspended in DMEM supplemented with 20% FBS, 20% L929 supernatant medium, 1% L-glutamine, 1% Pen/Strep, 1× MEM, and 1% sodium pyruvate. The BMDM\'s were incubated for 6 days at 37°C and 5% CO~2~. For experimental setups, BMDMs were seeded in a 24 well plate at a density of 5 × 10^5^ cells per well, infected with BCG at an MOI of 1:10 and subsequently overlaid with medium without or with 5 μM of MK-2206. Twenty-four hours post infection, BMDMs were harvested, washed and incubated for 10 min with anti-CD16/CD32 to block non-specific antibody binding. Subsequently, cells were stained with anti-CD11b (BV510), anti-CD86 (PEcy7), anti-MHC class II (PB515), anti-MHC class I (BV421) for 30 min at 4°C as per manufacturer\'s recommendations (BD Biosciences). The antibody-stained cells were washed twice with ice cold 1× PBS, suspended in FACS staining buffer and data was collected using flow cytometry (FACS CantoII, BD Biosciences). The acquired data was analyzed with Flow Jo software.

Statistical Analysis
--------------------

Statistical analyses and generation of graphs were performed with GraphPad Prism version 7. Data are expressed as the mean ± standard error of the mean (SEM). Comparison between groups was performed by a paired *t*-test. Differences with a *p* \< 0.05 were considered statistically significant. Data generated using blood samples from the three human volunteers were further analyzed by the one-tailed version of the Mann Whitney test, which is more suited for small-sized samples ([@B31], [@B32]).

Results {#s3}
=======

PI3K/Akt/FOXO3 Axis Regulates IL-10 Expression in BCG-Infected Macrophages
--------------------------------------------------------------------------

In macrophages, IL-10 release has been shown to be dependent on PI3k/Akt activation ([@B14]). Since FOXO3 is a major target that is directly phosphorylated/inhibited by Akt ([@B33]), we sought to investigate whether the pharmacologically inhibition of PI3K/Akt signaling pathway, have an impact on FOXO3 activity and BCG-induced secretion of IL-10. To determine this, we used Wortmannin (Wort), one specific PI3K inhibitor, and MK-2206 (MK), a selective non-ATP-competitive allosteric Akt inhibitor ([@B34]). We first assessed the cytotoxicity of both inhibitors on human and murine macrophages using the WST1 test. No significant cytotoxicity was associated with different concentrations of MK-2206 in both TDMs and J774A.1 cells as \>90% of both cell lines survived at concentrations lesser or equal to 5 μM ([Figure S1](#SM3){ref-type="supplementary-material"}). Wort treatment produced significant toxicity only at concentrations above 100 nM in TDMs cells, while, no cytotoxicity was observed in J774A.1 cells following exposure to increasing concentrations of Wort ([Figure S1](#SM3){ref-type="supplementary-material"}). Hence, for the subsequent experiments we used MK at a concentration of 5 μM and Wort at 100 nM.

We found that treatment of TDMs macrophages with both Wort and MK resulted in Akt dephosphorylation in both BCG-infected and non-infected cells. In concordance with our hypothesis, we also observed that treatment with these drugs resulted in FOXO3 dephosphorylation ([Figure 1A](#F1){ref-type="fig"}), indicating its activation. Interestingly, MK and Wort treatment also induced a significant up-regulation of FOXO3 gene expression level in BCG-infected and non-infected TDMs and J774A.1 macrophages, indicating that PI3K/Akt pathway also inhibits FOXO3 activity by abrogating its transcription ([Figure 1B](#F1){ref-type="fig"}).

![The PI3K/Akt axis regulates BCG-induced IL-10 secretion in macrophages. Human TDMs and mice J774A.1 macrophages were mock-treated or infected with BCG at an MOI = 10 for 3 h, washed then treated or not with the PI3K inhibitor, Wortmannin (Wort, 100 nM), or with the Akt inhibitor, MK-2206 (5 μM) for 24 h. **(A)** Inactivation of PI3k/Akt axis was determined, 24 h post infection/treatment, in whole cell lysate of TDMs by western blotting using the indicated anti-phospho specific antibodies. Total Akt, FOXO3, and β-actin were used as loading controls. Shown are representative images of three independent experiments with similar results. **(B)** FOXO3 mRNA expression were quantified by qRT-PCR in both TDMs and J774A.1 macrophages. Levels of mRNA were normalized to GAPDH and fold induction was calculated relative to uninfected and untreated cells. **(C)** Assessment of IL-10 transcription and secretion levels, after the indicated treatments, were quantified by qRT-PCR and sandwich ELISA, respectively. For all panels, results are represented in box and whiskers plot format min to max and are representative of three independent experiments, each one carried out in triplicate. Asterisks indicate statistical significance (\**p* \< 0.05; \*\**p* \< 0.01; \*\*\**p* \< 0.001).](fimmu-10-02922-g0001){#F1}

Concomitantly, RT-qPCR showed that infection of macrophages with BCG increased levels of IL-10 mRNA, which were significantly abrogated upon MK and Wort treatment in both mice and human macrophages ([Figure 1C](#F1){ref-type="fig"}). Consistent with RT-qPCR data, ELISA quantification revealed a significant inhibition (about 90%), by Wort (*p* \< 0.05) and MK (*p* \< 0.001) inhibitors of IL-10 secretion in BCG-infected TDMs. Similar results were obtained in BCG-infected mouse macrophages J774A.1 ([Figure 1C](#F1){ref-type="fig"}).

These observations clearly indicates that PI3K/Akt pathway positively regulates IL-10 expression in BCG-infected macrophages and that such regulation might rely on FOXO3 inhibition. It is worth to note that we have also verified the effect of the PI3K/Akt/FOXO3 axis on the expression of TNF-α, a cytokine that plays a crucial role in TB immune response, and found that neither the used inhibitors nor the FOXO3 silencing had an effect on BCG-induced secretion of TNF-α ([Figure S3](#SM5){ref-type="supplementary-material"}).

To further investigate the role of FOXO3 on IL-10 expression in mycobacteria-infected macrophages, we transfected human MDMs with a pool of small interfering RNA (siRNA) targeting the endogenous expression of FOXO3. The knockdown efficiency of FOXO3 was confirmed by RT-qPCR and western blotting ([Figure 2](#F2){ref-type="fig"}). We found that silencing of FOXO3 significantly enhanced the BCG-induced transcription of IL-10, compared to the scrambled Si control (SiCT)-transfected cells ([Figure 2A](#F2){ref-type="fig"}), suggesting FOXO3 as an inhibitor of IL-10 transcription. In agreement, we observed an increase of BCG-induced secretion of IL-10 in SiFOXO3-transfected macrophages ([Figure 2B](#F2){ref-type="fig"}). Taken together, these data suggest that FOXO3 negatively regulates IL-10 expression in BCG-infected macrophages.

![Knockdown of FOXO3 augments IL-10 expression in BCG-infected human primary macrophages. MDMs were transfected with FOXO3 specific siRNA (SiFOXO3) or with scramble control siRNA (siCT) for 48 h and then infected with BCG for 24 h. **(A)** Fold induction levels of FOXO3 and IL-10 mRNAs were assessed by RT-qPCR in BCG-infected cells. **(B)** IL-10 secretion by the indicated treated cells was assessed in the culture supernatants by ELISA. Knocking down of FOXO3 expression was further verified by immunoblotting. Data are shown as box and whiskers (min to max values) and are representative of three independent experiments, each one carried out in triplicate (*n* = 3, \*\**p* \< 0.01).](fimmu-10-02922-g0002){#F2}

FOXO3 Binds and Inhibits the Transcription From IL-10 Promoter
--------------------------------------------------------------

To evaluate whether IL-10 is subjected to direct transcriptional control by FOXO3, we performed an *in silico* analysis of the human IL-10 promoter region using the MatInspector program of the Genomatix portal (<https://www.genomatix.de/online_help/help_matinspector/matinspector_help.html>). Scanning for Forkhead DNA-binding elements (FKHR-DBEs) on the Genomatix-proposed IL-10 promoter sequence revealed three Forkhead putative motifs at positions −17, −303, and −526 and one typical FOXO3-response elements at position −203 ([Figure 3A](#F3){ref-type="fig"} and [Table S4](#SM1){ref-type="supplementary-material"}). Next, we performed a gene reporter assay to understand FOXO3-mediated regulation of IL-10 promoter activity as described in methods. As shown in [Figure 3B](#F3){ref-type="fig"}, we observed that infection of macrophages with BCG increased the IL-10 promoter activity by \~8.0 folds in comparison with non-infected cells (*p* = 0.0010). However, overexpression of FOXO3 almost abolished the BCG-induced IL-10 promoter activity in macrophages ([Figure 3B](#F3){ref-type="fig"}, 90% inhibition, *p* = 0.025). In order to better explore the functionality of FKHR-DBEs and determine which motifs are involved in FOXO3 mediated inhibition of IL-10 promoter activity, we mutated the four putative sites and performed the luciferase assay ([Figure 4A](#F4){ref-type="fig"}). We found that disruption of the FKHR binding elements at site 1 (position−17) and site 3 (position −303) partially elevated the FOXO3-mediated inhibition of IL-10 promoter activity, while the mutation of site 4 (-526) did not affect the inhibition of BCG induced IL-10 promoter activity by FOXO3. However, mutation of the typical FOXO3 motif at Site 2 (position −203) showed almost a total unleash of the FOXO3-mediated inhibition of IL-10 promoter ([Figure 4B](#F4){ref-type="fig"}). These results suggest that FOXO3-mediated down regulation of IL-10 in BCG-infected macrophages mainly occurs through site 2 on which FOXO3 might bind and block the transcription.

![FOXO3 inhibits IL-10 promoter activity in BCG-infected macrophages. **(A)** Schematic representation of the four putative Forkhead DNA-binding elements (FKHR-DBEs) in the proximal region of the human IL-10 promoter (-588), identified by Genomatix algorithm. The sequence in red is a typical FOXO3 binding motif. **(B)** RAW 264.7 cells were co-transfected with pGL3 plasmid containing the −588 bp IL-10 promoter region fragments plus either the GFP or GFP-FOXO3-TM-encoding vectors. Twenty-four hours later, cells were infected or not with BCG (MOI \~10) for 6 h before measuring the Luciferase activity in GFP positive alive cells. The data correspond to the mean ± SEM and correspond to a one representative of two independent experiments, each one conducted in triplicates (*n* = 2, \*\**p* \< 0.01).](fimmu-10-02922-g0003){#F3}

![FOXO3 binds to IL-10 promoter, inhibiting its transcriptional activity in BCG-infected cells. In order to determine the contribution of each Forkhead DNA-binding element identified *in silico*, four mutants of IL-10 promoter were generated as indicated in **(A)**. **(B)** representation of gene reporter assay performed on the wild type IL-10 promoter and the four mutants (Mut1, Mut2, Mut3, Mut4). RAW 264.7 macrophages were transfected with the indicated constructs. Twenty-four hours later, cells were infected or not with BCG and luciferase activity was measured 6 h later in GFP positive alive cells. The data correspond to the mean ± SEM of three different experiments conducted in triplicates. Asterisks indicate statistical significance (*n* = 3, \*\* *p* \< 0.01, \*\*\* *p* \< 001). **(C)** TDMs were infected with BCG for 3 h and treated with Wort for additional 2 h. Next, CHIP assay was conducted to verify FOXO3 recruitment to the site −203 of the IL-10 promoter with either anti-FOXO3 Ab (lane 1 and 2) or anti-IgG isotype Ab (lane 3 and 4). Total input of BCG infected and non-infected cells are shown in lanes 5 and 6.](fimmu-10-02922-g0004){#F4}

To confirm our observation, we performed CHIP followed by a PCR using two primers flanking the −203 position, as indicated in materials and methods section. The result revealed a strong interaction between FOXO3 and the amplified region containing the motifs at −203 in non-infected cells, while BCG infection displaced FOXO3, releasing IL-10 transcription ([Figure 4C](#F4){ref-type="fig"}). This data correlates with the observed higher basal activity of IL-10 promoter that bears a mutated site 2 (-203) ([Figure 4B](#F4){ref-type="fig"}). Taken together, we demonstrate that FOXO3 transcription factor binds to IL-10 promoter at position −203 and negatively regulates its expression.

FOXO3 Tunes Phenotypic Maturation of Mycobacteria-Infected Macrophages
----------------------------------------------------------------------

During the early phase of *M.tb* infection, the host generates the pro-inflammatory M1 type macrophages, which are associated with protection against the disease ([@B35]). As the infection progresses, the pathogen induces the re-polarization of macrophages toward the immunomodulatory M2 phenotype ([@B36]). Such transition is driven by high levels of Th2 cytokines such as IL-10 and correlates with disease severity ([@B37]). In order to assess the impact of FOXO3-mediated inhibition of IL-10 expression on macrophage phenotype, we quantified the transcription levels of the two typical M1 surface markers CD80 and CD86 in PPD-treated and non-treated human macrophages, as detailed above ([Figure S4](#SM6){ref-type="supplementary-material"}). We found a significant decrease of the PPD-induced expression of the two studied markers after FOXO3 silencing in human macrophages, compared to the Sicontrol-transfected ones ([Figure 5A](#F5){ref-type="fig"}). Conversely, pharmacological activation of FOXO3 by MK, in BCG-infected and non-infected BMDMs, resulted in the up-regulation of CD86 expression level along with the ones of MHC class II and class I, two presenting molecules and markers of M1 macrophages ([Figure 5B](#F5){ref-type="fig"}). MK treatment has also significantly decreased the expression levels of the typical marker of M2 macrophages, Arg1 ([Figure 5C](#F5){ref-type="fig"}). These data suggest that FOXO3-mediated inhibition of IL-10 enhances the antigen-presenting activity of macrophages and favors their polarization toward the pro-inflammatory M1 phenotype during TB immune response. We then investigated whether FOXO3 mediated inhibition of IL-10 and the subsequent activation of M1 macrophages exert a protective effect against mycobacterial infection. We examined the intracellular burden of BCG in macrophages treated with MK and found that such treatment decreased the intracellular loads of BCG by \~60% as compared to the untreated cells ([Figure 5D](#F5){ref-type="fig"}), suggesting that FOXO3 activation boost the macrophage defense mechanisms against invading mycobacteria.

![FOXO3 tunes phenotypic maturation of mycobacteria-infected macrophages. **(A)** Human monocytes were transfected either with SiCT or SiFOXO3 for 48 h followed by PPD stimulation and incubation with the autologous lymphocytes for 4 days. Whole cells were then collected and tested for the expression levels of CD80 and CD86 by qRT-PCR. Data are presented as box and whiskers graphs (min to max) from three independent experiments (i.e., MDMs from 3 different donors), each one carried out in triplicate (*n* = 3, \*\**p* \< 0.001, \*\*\**p* \< 0.0001). **(B)** Non-infected or BCG-infected BMDMs were treated or not with MK-2206 (5 μM) for 24 h. The expression levels of the M1 phenotype surface markers CD86, MHC-MHC-II, and MHC-I, in CD11b^**+**^ cells, were determined by FACS analysis using specific antibodies. FACS analysis was performed on two independent experiments and each sample was run in triplicates (*n* = 2, \**p* \< 0.05, \*\**p* \< 0.001, \*\*\**p* \< 0.0001). **(C)** J774A.1 were mock or infected with BCG at an MOI = 10 for 3 h, washed then treated or not with the Akt inhibitor MK (5 μM) for 24 h. The transcript levels of M2 marker, Arg1, was assessed by RT-PCR. Data are presented as box and whiskers (min to max) and are from two separate experiments, each one carried out in triplicate (*n* = 2, \**p* \< 0.05). **(D)** TDMs were infected with BCG at an MOI = 10 for 3 h. Following incubation, cells were treated with Amikacin (200 μg/ml) for 1 h to remove extracellular bacteria. The infected cells were then washed and treated with MK (5 μM) for 4 days. The antibiotic Isonicotinylhydrazide (INH) was used as positive control. Cells were lysed with sterile PBS containing 0.1% triton X100 and 10-fold serial dilutions of lysates were plated on MB7H11 for CFU Enumeration. The Intracellular colony forming units were determined at the indicated time points. UT-D0, untreated at Day 0; UT-D4, untreated at Day 4. Data are shown as box and whiskers (min to max values) and representative of two separate experiments, each one carried out in quadruplets. Asterisks indicate statistical significance (*n* = 2, \*\*\**p* \< 0.0001).](fimmu-10-02922-g0005){#F5}

Silencing of FOXO3 in Macrophages Modulates Th1 Immune Response Against Mycobacterial Infection
-----------------------------------------------------------------------------------------------

Activated M1 macrophages are considered potent effector cells, which promote Th1 immune responses while M2 macrophages have immunoregulatory functions and participate in polarized Th2 immune responses ([@B38]--[@B40]). We then assessed the impact of FOXO3-mediated regulation of macrophage phenotype on the T cells adaptive immune response. As shown in [Figure 6](#F6){ref-type="fig"}, we found that co-culture of PPD-treated and SiFOXO3-transfected human monocytes with their autologous lymphocytes, generated significantly less IFN-γ mRNA in comparison to monocytes that were transfected with the control SiRNA (*p* = 0.0030). Quantification of IFN-γ by ELISA further corroborated this result ([Figure 6B](#F6){ref-type="fig"}, *p* \< 0.001). Similarly, the PPD-induced expression of IL-17 gene was significantly reduced when FOXO3 was silenced in monocytes ([Figure 6A](#F6){ref-type="fig"}, *p* = 0.022). In concordance with reduced levels of Th1 cytokines, a clear reduction in PPD-induced gene expression levels of the Th1 related transcription factors RORγT (*p* = 0.0074), Tbet (*p* = 0.004), and GATA3 (*p* = 0.031) was also observed when FOXO3 level was reduced in presenting monocytes. Conversely, this transcription signature was associated with a significant increase in IL-4 (*p* = 0.008) and IL-10 (*p* = 0.020) gene expression levels and a clear reduction in PPD-induced secretion of TNF-α and IL-6 ([Figures 6A,B](#F6){ref-type="fig"}). Overall, these data suggest that FOXO3 inactivation in macrophages enhances IL-10 expression, leading to a modulated M1/Th1 immune response, while active FOXO3 would enhance such immune response against mycobacterial infection, through the inhibition of IL-10 expression in macrophages ([Figure 7](#F7){ref-type="fig"}).

![Silencing of FOXO3 in macrophages modulates Th1 immune response against mycobacterial infection. Human monocytes were transfected either with SiCT or SiFOXO3 for 48 h followed by PPD stimulation and incubation with the autologous lymphocytes for 4 days. **(A)** Cells were then collected and tested for the expression levels of the indicated genes by qRT-PCR. **(B)** Supernatants were collected and analyzed by ELISA for IFN-γ, TNF-α, IL-10, and IL-6 secretion. The results are shown in box and whiskers (min to max values) from three independent experiments (i.e., MDMs from 3 different donors), each one carried out in triplicate. Asterisks indicate statistical significance (\**p* \< 0.05, \*\**p* \< 0.001, \*\*\**p* \< 0.0001).](fimmu-10-02922-g0006){#F6}

![FOXO3, a signaling hub for a protective immune response against mycobacterial infection. In order to compromise host resistance, *M.tb* predominantly activates the pro-survival pathway PI3K/Akt to inhibit apoptosis and induce IL-10 through FOXO3 inhibition. Activated Akt will then phosphorylate the pro-apoptotic transcription factor FOXO3 at three residues, Thr32, Ser253, and Ser315, leading to its translocation to the cytosol where it is stored as a complex FOXO3/chaperone protein 14-3-3 and/or degraded by the proteasome. However, PI3K/Akt inhibition leads to activation of FOXO3, which will accumulate inside the nucleus and restrict IL-10 secretion through direct binding to its proximal promoter. Inhibition of IL-10 signaling is necessary to restore the anti-mycobacterial capacity of the host and increase the polarization of macrophage toward a proinflammatory M1 phenotype, which is crucial for the shaping of an effective Th1 adaptive response against *M.tb* pathogenesis. Activation of FOXO3 would also induce the expression of PUMA and NOXA, the two effectors of macrophage apoptosis. Apoptotic bodies charged with mycobacterial antigens will be ingested by the bystander dendritic cells (DC) to better cross-prime T cells. In conclusion, activated FOXO3 in infected macrophages benefit the protection against TB in many ways. (i) Induces apoptosis of infected-macrophages and disrupts the intracellular replication of *M.tb* within the host. (ii) Inhibits IL-10 and restore the antimicrobial host responses. (iii) Boost the adaptive immune response to *M.tb*.](fimmu-10-02922-g0007){#F7}

Discussion {#s4}
==========

Macrophages represent the forefront of innate immune defense against *M.tb*, which response has major impact on the outcome of infection ([@B41]). However, *M.tb* has adopted remarkable strategies to circumvent host defenses. Amongst the many known evasion mechanisms, *M.tb* indeed triggers rapid induction of the anti-inflammatory cytokine IL-10. Several studies have demonstrated tight association of IL-10 secretion upon *M.tb* infection with the recurrence of the disease. Therefore, it is quiet important to understand the molecular mechanisms underlying regulation of IL-10 expression in mycobacteria-infected macrophages. In the present study, we describe the role of FOXO3 transcription factor in the regulation of IL-10 expression in mycobacteria-infected macrophages and the impact of such regulation on adaptive immune response.

Here, we first observed that IL-10 expression is positively regulated by the PI3K/Akt pathway in BCG-infected macrophages. Indeed, inhibition of either PI3K or Akt by Wort or MK, respectively abrogated the BCG-induced IL-10 production. Our findings are in accordance with a previous report showing that the inhibition of *Porphyromonas gingivalis*---mediated activation of the PI3K/Akt pathway results in an abrogation of IL-10 secretion by human monocytes ([@B25]). Further, Méndez-samperio et al., have also demonstrated that the strong BCG-induction of IL-10 expression in epithelial cells is dependent on PI3K/Akt activation ([@B42]).

FOXO3 is negatively-regulated target of PI3K/Akt pathway and we have previously reported that it is involved in BCG-induced apoptosis of human macrophages ([@B29]). Hence, we hypothesized that FOXO3 transcription factor, might act as the suppressor of IL-10 transcription in BCG-infected macrophages. In support of our hypothesis, we found that MK-mediated inhibition of IL-10 secretion was associated with FOXO3 activation at both transcriptional and protein levels. This data correlates with a previous work showing an association between FOXO3 activation and inhibition of IL-10 transcription in monocytes treated with pharmacological inhibition of Akt1/2 ([@B43]). In concordance with this, we observed that knocking-down of FOXO3 expression, using specific siRNA, resulted in a significant increase of BCG-induced transcription and secretion of IL-10. This data is in agreement with a previous study that reported a higher expression of IL-10 by neutrophils, monocytes and macrophages from FOXO3^−/−^ mice infected with *Salmonella typhimurium*, as compared to non-infected mice ([@B44]). Moreover, it was shown that T cells from FOXO3^−/−^ mice express higher levels of IL-10 compared to wild type ones ([@B45]). Our data also correlate with a previous study on dendritic cells where FOXO1, analog of FOXO3, was found to inhibit LPS induced IL-10 production ([@B46]). Moreover, FOXO1 deletion in dendritic cells resulted in reduced DC activation and affected the adaptive immune response to bacterial challenge ([@B47], [@B48]). However, these studies did not investigate the mechanisms by which FOXO3 regulates IL-10 expression. We have then performed an *in silico* analysis of IL-10 promoter and identified four forkhead potential binding motifs with a typical FOXO3 binding site at −203 position. We further confirmed the negative regulation of IL-10 by FOXO3 using the reporter gene assay and highlighted the crucial role of the motif at −203 position, which directly binds to FOXO3 protein. Altogether, these data clearly show, for the first time, a negative regulation, by FOXO3, of IL-10 production in mycobacteria-infected macrophages through the direct binding to and interference with IL-10 promoter activity.

During disease progression, *M.tb* induces the re-polarization of macrophages toward the immunomodulatory M2 phenotype ([@B36]) through induction of high level of IL-10, leading to a Th2 immune response, which correlates with the severity of the disease ([@B37]). In order to assess the impact of FOXO3-mediated inhibition of IL-10 on macrophage polarization, the expression levels of the two typical M1 surface markers CD80 and CD86 was assessed, during progress of the adaptive immune response against mycobacterial antigens. As expected, we found a significant decrease of the expression levels of the two studied markers in PPD-treated and SiFOXO3-transfected macrophages, compared to the Si-control-transfected ones. Conversely, we observed that pharmacological activation of FOXO3, in BCG-infected and non-infected macrophages, resulted in the up-regulation of CD86 expression along with MHC class II and class I, two additional markers of M1 macrophages. These observations suggest that, by inhibiting the IL-10 expression in mycobacteria-infected macrophages, FOXO3 ameliorates the presenting activity and favors the polarization of host macrophages toward the pro-inflammatory M1 phenotype during TB immune response. In concordance, we observed that FOXO3 silencing in monocytes results in the modulation of Th1 related markers and the induction of a Th2 response, against mycobacterial antigens. The only discrepancy we found was the decrease in GATA3 expression associated to the upregulation of IL-4 after FOXO3 silencing in macrophages. This could be explained by the potential regulation of GATA3 transcription by FOXO3. Indeed, a previous study has proposed the positive regulation of GATA3 by FOXO1 ([@B49]), an isoform of FOXO3 with which it shares common targets ([@B50], [@B51]).

Taken together, our data suggest that FOXO3 acts as an inducer of a protective M1/Th1 immune response through the negative regulation of IL-10 expression in infected macrophages. Our data correlate with the previous reported protective role of FOXO3 against *Salmonella typhimurium (ST)* infection. Indeed, FOXO3 signaling inhibited IL-10 secretion with a concomitant induction of inflammatory immune responses in mice infected with ST, leading to the control of the intracellular bacteria ([@B44]). Several studies pointed that *M.tb* successfully engages activators of IL-10 transcription such as STAT3 and ReIB during infection to abolish the protective response mounted by the host and ensures its survival and persistence ([@B11], [@B52]). Our data suggest that *M.tb* might inactivate FOXO3 as an additional mechanism to enhance IL-10 secretion in order to establish persistent infection in the host. This is in agreement with previous studies that reported an abrogation of FOXO3 expression in active TB patients, compared to healthy controls ([@B30], [@B53]). It has been also shown that an SNP affecting FOXO3 expression was associated with active TB in a dominant inheritance mode ([@B54]). Taken together, our study presents a strong evidence that FOXO3 constitutes a major signaling hub that is manipulated by mycobacterial species and that disruption of FOXO3 signaling might affect the regulation of anti-*M.tb* directed immune response.

In order to compromise host resistance, *M.tb* predominantly activates the pro-survival pathway PI3K/Akt to inhibit apoptosis and induce IL-10 through FOXO3 inhibition. Activated Akt will then phosphorylate the pro-apoptotic transcription factor FOXO3 at three residues, Thr32, Ser253, and Ser315, leading to its translocation to the cytosol where it is stored as a complex FOXO3/chaperone protein 14-3-3 and/or degraded by the proteasome. However, PI3K/Akt inhibition leads to activation of FOXO3, which will translocate to the nucleus and restrict

IL-10 secretion through direct binding to its proximal promoter. Inhibition of IL-10 signaling is necessary to restore the anti-mycobacterial capacity of the host and increases the polarization of macrophage toward a proinflammatory M1 phenotype, which is crucial for the shaping of an effective Th1 adaptive response against *M.tb* pathogenesis. Activation of FOXO3 would also induce macrophage apoptosis. Apoptotic bodies charged with mycobacterial antigens will be then ingested by the bystander dendritic cells (DC) to better cross-prime T cells ([Figure 7](#F7){ref-type="fig"}).

The dual functions of FOXO3 as an inducer of macrophage apoptosis and inhibitor of IL-10 secretion, suggest that this factor can be proposed as a new target for host-directed therapy against Tuberculosis. Several commercially available Akt inhibitors, like the used MK2206, act through FOXO3 activation are in pre- and clinical use to treat cancers ([@B55], [@B56]). Based on the results obtained, we suggest that these FOXO3 activators may be used as adjunct to shorten the duration of therapy against drug-resistant TB. This may lead to enhanced repression of IL-10 secretion and higher apoptosis, thereby generating a stronger immune response and a more rapid clearance of *M.tb* infection. This hypothesis is in agreement with a previous study where authors reported that AKT1 inhibitors prevented intracellular growth of various bacteria including multi drug resistant strains of *M.tb* ([@B57]). In the other hand, targeting FOXO3 would be also useful to augment the efficacy of BCG. Indeed, activation of FOXO3 during vaccination would inhibit the BCG-induced secretion of IL-10 and enhance apoptosis of infected macrophages, leading to a stronger Th1 protective immune response against *M.tb* ([Figure 7](#F7){ref-type="fig"}).

Overall, we have identified FOXO3 as a transcription factor that tunes the host inflammatory response during mycobacterial infection through the regulation of IL-10 expression. These findings advance our understanding of protective immunity to *M.tb* by revealing the importance of FOXO3 transcription factor, which deserves further investigation as it may be used as therapeutic/preventive target against TB.
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